Superparamagnetic iron oxide nanoparticles (SPION) have shown potential as multifunctional nanoparticles for theranostic applications. The assessment of toxicity and biocompatibility of the tailored product is, therefore, paramount to deliver commercially sound theranostic tools. In this study, a systematic approach to testing the cytotoxicity of three differently coated SPIONs derived from two synthesis methods (co-precipitation in water and thermal decomposition), with different coatings, and surface charges has been carried out. Toxicity and biocompatibility were investigated by automated high content screening of two breast cancer cell lines (MCF7, and BT474) and healthy (MCF10A) control exposed to incremental doses of the SPIONs up to 24 h in vitro. In the case of iron oxide coated with aminodextran (ADNH), this elicited pronounced effects on the permeability of BT474 with reflected evidence on the cell count reduction and lysosomal mass when compared to the aminopropylsilane (ASi), dimercaptosuccininc acid (DMSA/OD10) coated particles. More subtle effect was observed in the cell count of MCF7 cell line at the highest concentration of ADNH coated nanoparticle. Therefore, from the three cell lines used in this study it is possible to evince subtleness in the cell-specific cytotoxicity response.
I. INTRODUCTION

S
UPERPARAMAGNETIC iron oxide nanoparticles (SPION) have shown potential as multifunctional nanoparticles in clinical applications because they have been used as magnetic resonance imaging (MRI) contrast agents and their features could be easily tailored by coupling with targeting moieties, fluorescence dyes, or therapeutic agents [1] - [4] .
The assessment of toxicity and biocompatibility at each stage of nanoparticle refinement is, therefore, paramount to deliver a commercially sound end product [5] - [7] .
Several works have presented a summary of the in vitro cytotoxicity data currently available on nanoparticles [8] - [10] , and on magnetic nanoparticles in particular [7] , [11] ; however, there is a large variability in cell-nanoparticle interaction based on the methods, materials, cell lines and methodology for assessment used [6] .
In this study a systematic approach to testing the cytotoxicity of three differently coated SPIONs derived from two synthesis methods (water and thermal decomposition), with different coatings and surface charges, has been carried out. Toxicity and biocompatibility were investigated by automated high content screening of two breast cancer cell lines (MCF7, and BT474) and healthy (MCF10A) control exposed to incremental doses of the SPIONs up to 24 h in vitro. High Content Screening technology and multiparametric analysis have been extensively used for the definition and investigation of toxicity threshold on several nanomaterials from nanoparticles, to nanowires and carbon nanotubes [8] - [10] , [12] - [15] . Cytotoxicity was recorded and quantified by the variation of total cell count, lysosomal mass and cell permeability compared to their respective controls. Multiparametric analysis allowed for normalization and biocompatibility comparison between the coated SPIONs developed in this study. In the case of iron oxide coated with aminodextran (ADNH), aminopropylsilane (ASi), dimercaptosuccininc acid (DMSA/OD10), nanoparticles showed some toxic effects linked to their route of interaction with the biological environment mainly due to size, injected-dose and surface charge.
ADNH showed a higher toxicity than the other two at higher concentrations; whereas the ASi had a more prominent cellular permeability. DMSA, nanoparticles showed dose-dependent cytotoxicity due to their higher internalization affinity. Finally, from the three cell lines used in this study it is possible to evince subtleness in the cell-specific cytotoxicity response.
II. EXPERIMENTAL PROCEDURE
A. Synthesis of Nanoparticles
This work focuses on the toxicity and biocompatibility assessment of 3 differently coated SPIONs derived from two synthesis methods: water and thermal decomposition. The nature of the coating under assessment were aminopropylsilane (ASi), aminodextran (ADNH), and dimercaptosuccininc acid (DMSA/ OD10).
ADNH consisted of magnetite nanoparticles prepared by co-precipitation and coated with aminodextran. The coating was 0018-9464/$31.00 © 2012 IEEE incorporated into the NaOH solution before the iron salt addition. A mixture of 3.98 g FeCl 4H O and 9.74 g FeCl 6H O dissolved in 50 ml of deoxygenated water at a Fe /Fe ratio of 1:1.8 was added to a solution of deoxygenated 350 ml water containing 50 ml ammonium hydroxide (35% v/v) and 4.32 g ADNH ( g/mol, ) with magnetical stirring. A black precipitate formed immediately and the reaction was maintained for 1 h with stirring. The powder was separated using a strong magnet and washed several times to eliminate impurities. Finally, a suspension was prepared by sonication of 10 mg of powder in 50 ml water for 5 min; it was filtered through a 0.2 m membrane, adjusted to pH 7 and dialyzed to eliminate free ions.
ASi sample was prepared by co-precipitation, subjected to an acid treatment to reduce the size distribution [16] and coated with aminopropylsilane in a second step process [17] . The FeCl .4H O and FeCl .6H O mixture dissolved in 425 ml of water was added to 75 ml of NH OH (25%) with magnetical stirring. The black precipitate was washed following the procedure described above. Then, 300 ml of 2M HNO were added to the particles under stirring during 15 min, eliminated by magnetic decantation. Next, 75 ml of 1M Fe(NO and 130 ml of water added to the particles to boiling temperature and stirred for 30 min. The particles are then cooled down to room temperature, and by magnetic decantation the liquid is substituted by 300 ml of HNO , and stirred during 15 min. Finally the particles were washed three times with acetone and redispersed in water. To remove the excess of acetone and concentrate the sample, the particles are place in a rotary evaporator. For the ASi coating, 10 ml of methanol and 10 ml of water containing 28 g/L of iron oxide nanoparticles were mixed and stirred while adding 0.005 mols of ASi drop by drop. After stirring at room temperature for 12 h, 10 mL of glycerol were added, methanol and water were removed using a rotary evaporator and the dispersion was dehydrated in vacuum at 100-110 C for 2 h. Flocculated ASi-modified nanoparticles were washed three times with water/acetone 30:70. Following the addition of 400 mL of water, peptization was performed by slowly decreasing pH from 9 to 3 with nitric acid under vigorous stirring.
OD10 sample was synthesized by thermal decomposition of Fe(acac) in the presence of oleic acid following a previous reported procedure [3] . A mixture of 5.32 g of Fe(acac) (15 mmol), 16.93 g of 1,2-dodecanediol (75 mmol), 14.19 g of oleic acid (45 mmol), 17.27 g of oleylamine (45 mmol) and 150 ml 1-octadecene (bp 320 C) as solvents was heated to 315 C for 120 min with mechanical stirring and under a nitrogen flow. To remove impurities, the solution was mixed at room temperature with ethanol and centrifuged at 5650 g for 10 min, and the supernatant was discarded. Ligand exchange reaction of oleic acid for DMSA was used to transform hydrophobic magnetite nanoparticles into hydrophilic ones. First, particles were coagulated from the hydrophobic suspension (50 mg/5 ml) by adding ethanol, centrifuged (2825 g, 10 min), and the solution was eliminated. Then, a mixture of 25 ml of toluene and a solution of 90 mg of DMSA in 5 ml of dimethyl sulfoxide was added to the coagulated particles, sonicated for 5 min, and mechanically stirred for 24 h. After that, toluene was added to the mixture reaction and centrifuged again, and the supernatant containing the oleic acid coated particles was discarded. Finally, the precipitated nanoparticles were successively mixed and centrifuged with ethanol and acetone several times to remove free oleic acid molecules. A new final step was introduced in the surface modification process that consisted of the dispersion of the nanoparticles in alkaline water before its redispersion at pH 7.
TGA stabilised cadmium telluride quantum dots were synthesised at Trinity College Dublin by the water based method as detailed in a previous publication of Byrne et al. [18] .
All dispersions were dialyzed, pH was adjusted to 7, and finally, they were filtered through a 0.2 m pore size syringe.
B. Structural and Magnetic Characterization
SPIONs were characterized by transmission electron microscope (TEM), vibrating sample magnetometer (VSM), dynamic light scattering (DLS), electrophoretic zeta potential during preparation. Nanoparticle Tracking and Analysis (NTA) technique by Nanosight NS500 was also carried out during the preparation.
The particle size and size distribution were studied by transmission electron microscopy (TEM) using a 200 keV in a JEOL-2000 FXII microscope. TEM samples were prepared by placing one drop of a dilute suspension of magnetite nanoparticles in water on a carbon-coated copper grid and to allow for the solvent evaporation at room temperature. The average particle size and distribution were evaluated by measuring the largest internal dimension of 300 particles.
Magnetic characterization of the samples was carried out in a vibrating sample magnetometer (MLVSM9 MagLab 9 T, Oxford Instruments) at room temperature. Magnetization curves were recorded by first saturating the sample in a field of 5 T.
The hydrodynamic size and evolution of the zeta potential versus the pH were evaluated in a ZETASIZER NANO-ZS device (Malvern Instruments). The hydrodynamic size was measured from a dilute suspension of the sample in water in a plastic cuvette at pH 7. The zeta potential was also measured from a dilute suspension of the sample in water in a special zeta-potential cuvette with 0.01 M concentration of KNO at different pH.
C. Cell Culture and Seeding
Cell culture work was carried out in a Thermo Electron Corporation BioMAT2 class II microbiological laminar flow cabinet. All cell lines were grown at 37 C in the HERAcell humidified incubator containing 5% CO (Thermo Scientific).
Breast cancer cell lines were obtained from a commercial source (LGC Standards, ATCC) to ensure traceability and the absence of contaminants. Cells were maintained as monolayers in 75 cm flasks (NUNC). MCF7 and BT474 cell culture Dulbecco's Modified Eagle Medium (DMEM) medium (Sigma) was supplemented with 10% Fetal Calf Serum (FCS) (Sigma), 2 mM L-glutamine (Invitrogen) and 1x Penicillin/Streptomycin (Pen/Strep) (Invitrogen). MCF10A cell culture DMEM/F12 medium (Sigma) was supplemented with 5% Horse Serum (Invitrogen), 20 ng/ml Epidermal Growth Factor (Sigma), 0.5 mg/ml Hydrocortisone (Sigma), 100 ng/ml Cholera Toxin (Sigma), 10 g/ml Insulin (Sigma) and 1x Pen/Strep (Invitrogen). 
All experiments were conducted using subconfluent cells in the exponential phase of growth in necessary media.
Nunc 96 well plates were seeded at an average of 5 000 cells per well and incubated for 24 h prior to exposure to the nanoparticles ( h).
D. High Content Screening and Experimental Design
Cytotoxicity on three in vitro cellular models was investigated after 24 h incubation of the different formulations of SPION, described above. Following standardization of the SPIONs preparation protocol, all were injected into 96 well plates to a final volume of 200 l/well. MCF7, BT474 and MCF10A cells were incubated with increasing dose 10, 25, 50, 100, 200 g/ml of these SPION for 24 h in a 37 C incubator with 5% CO at 95% humidity. Experiments were repeated three times, using triplicate wells each time for each formulation tested, as shown in Table I ).
Positive and negative controls were also included into each experiment in order to quantify the extent of toxicity response induced by each particle. After 24 h incubation, cells were washed in phosphate-buffered saline solution (PBS) at pH 7.4 and fixed in 3% paraformaldehyde (PFA).
E. Multiparameter Cytotoxicity Assay Using HCS
A multiparametric cytotoxicity assay was performed using the Cellomics® HCS reagent HitKit™ as per manufacturer's instructions (Thermo Fisher Scientific Inc., USA). This kit measures cell viability, cell membrane permeability and lysosomal pH which are toxicity-attributed phenomena [19] - [21] . Variations in cell membrane permeability, measured as changes in luminescence intensity, indicated an enhancement of cell membrane damage and decreased cell viability. An increase in lysosomal dye intensity which signifies either an increase in the total number of lysosomes or increased acidification of the organelles provides additional information about the cellular response to the presenting nanoparticle [21] . The dye used in the chosen cytotoxicity assay is a weak base that accumulates in acidic organelles, such as lysosomes and endosomes, which allows changes in lysosomal physiology to be determined. For instance, an increase or decrease in pH of acidic organelles and the changes in lysosome numbers reflecting a compound toxicity results in a decrease or an increase of fluorescence intensity, respectively. The acidification or increase in total lysosome number following incubation with the chosen SPION could provide an early indication of cytotoxicity following the presumed degradation of SPION in the lysosome and release of ferrous ions (Fe ) which leads to the formation of highly reactive hydroxyl radicles [22] , [23] .
In agreement with a previous study [24] , we took a toxicity reference set by treating the cells with quantum dots, which are established toxic semiconductor nanoparticles, in their bulk uncoated form, with particle size similar to the nanoparticles under investigation. The experimental layout for the automated microscopic analysis, based on the In Cell analyser 1000, was composed of triplicate wells for untreated, quantum dots treated, and the SPION treated plates. Each experiment was repeated three times. For each experiment, each plate well was scanned and acquired in a stereology configuration of 6 randomly selected fields. In total, each endpoint data plot in the heatmaps represents the analysis of an average of 270 000 cells 3 runs 3 triplicates 6 fields 5000 cells (on average from h). Images were acquired at 10X magnification using three detection channels with different excitation filters. These included a DAPI filter (channel 1), which detected blue fluorescence of the Cellomics® Hoechst 33342 probe indicating nuclear intensity at a wavelength of 461 nm; FITC filter (channel 2), which detected green fluorescence of the Cellomics® cell permeability probe indicating cell permeability at a wavelength of 509 nm and a TRITC filter (channel 3), which detected the lysosomal mass and pH changes of the Cellomics® LysoTracker probe with red fluorescence at a wavelength of 599 nm.
The rate of cell viability and proliferation was assessed by the automated analysis of the nuclear count and morphology (DAPI filter); in parallel to the fluorescent staining intensities reflecting cell permeability (FITC filter) and lysosomal mass/pH changes (TRITC filter) were also quantified for each individual cell present in the examined microscopic fields by IN Cell Investigator (GE Healthcare, UK).
F. Statistical Analysis
Response of each cell type to various NP size was analyzed by 2-way ANOVA with Bonferroni post-test analysis. A p-value of was considered to be statistically significant. In this work we are comparing 4 cell parameters associated with the cytotoxicity response of 3 cell lines exposed to 3 SPIONs, at 5 doses, with 3 controls; therefore, the statistical value associated with our work carried out by High Content Screening and data mining is of significance. To visualize the data, KNIME (http:// KNIME.org, 2.0.3) data exploration platform and the screening module HiTS (http://code.google.com/p/hits, 0.3.0) was used. Knime is a modular open-source data manipulation and visualization programme, as previously reported [9] , [12] , [13] , [25] . All measured parameters were normalized using the percent of the positive controls. Z score was used for scoring the normalized values. These scores were summarized using the mean function as follows Z score (x-mean)/StDev, as from previous work [9] , [12] , [13] , [25] . Heatmaps graphical illustration in a colorimetric gradient table format was adopted as the most suitable schematic representation to report on any statistical significance and variation from normalized controls based on their Z score value. Heatmap tables illustrate the range of variation of each quantified parameter from the minimum (green) through the mean (yellow) to the maximum (red) according to the parameter under analysis.
III. RESULTS AND DISCUSSION
TEM images and dynamic light scattering plot show the different nominal and hydrodynamic radii for the three SPION under investigation. These show the uniformity and monodispersity of the particles within each preparation increasing the polydispersity degree (standard deviation/mean size) from approx. 0.3 for sample ADNH to 0.2 for ASi and 0.15 for DMSA/ OD10. Structural and magnetic properties of the SPION were also carried out and Table II reports the most important parameter to consider when preparing theranostic SPION as functionalised MRI contrast agent. It is interesting to notice that from an initial TEM diameter nominal size ranging between 6.5 to 10 nm, the hydrodynamic radius of the three is considerably larger due to their polymeric coating, in particular for dextran coated particles (ADNH), which hydrodynamic size is over 100 nm (Table III) . Finally the surface charge is mainly dependent on the coating and it is positive for amino derivate coatings (ADNH and ASi) and negative for dimercaptosuccinic acid coating (DMSA/OD10). The charge is in all cases above the positive mV or below mV at pH 7, which assures long term stability in water.
The nature of the coating and zeta potential allow to further understand the SPION interaction with the biological environ- Saturation magnetisation increases also with size from 40 emu/g of iron oxide up to 75 emu/g for the largest particles, sample DMSA/OD10. This is also the sample growth at higher temperature and, therefore, with higher crystal order.
Prior to the exposure to the chosen breast cell lines in this study SPION and QD were characterized in their concentration in solution, particle hydrodynamic radius, as reported in Table III . This allows for the multiparametric investigation of the interaction with the seeded cell lines into the 96 well plates.
High Content Screening approach was used to evaluate key biological indicators of cell function, including cell population density, cellular morphology and size, membrane permeability, lysosomal mass/pH of the three exposed cell lines exposed to increasing doses (10, 25, 50, 100, 200, g/ml) of the SPION and controls for 24 h. Multiparametric analysis was carried out at both qualitative and quantitative level.
Representative images of the MCF7 [ Fig. 2(a) ] exposed to the highest dose of SPIONs showed moderate variation in the cell count (DAPI channel), cellular permeabilization (FITC channel) and lysosomal mass and pH changes (TRITC channel) when compared to controls; this was also quantitatively reflected by the generated heatmaps (Fig. 3) . MCF10A as the healthy cell line model showed minimal cytotoxicity induced by the exposure to the SPIONs [ Fig. 2(b) ] which resulted to be almost comparable in the cellular parameters to negative and vehicle controls. Heatmaps generated quantitative analysis plot confirmed the qualitative analysis. BT474 [ Fig. 2(c) ] resulted to be a more sensitive cell line model and, therefore, their cytotoxic response was more prominent by the extensive cell membrane permeability and subsequent lysosomal mass staining measured. In this case, the heatmap table for BT474 showed that the cytotoxicity response was primarily by membrane permeabilization and subsequent lysosomal mass and pH change induced by the lysosomal acid hydrolases induced by the presence of the SPION inside the cytoplasm [Figs. 2(c) and 3] . m for all images. Fig. 3 . Heatmaps tables illustrating toxicity indicated parameters in MCF7, MCF10A, and BT474 cells exposed to ASi, ADNH and DMSA/OD10 SPION. Heatmaps were generated from the analysis of experiments, each with triplicate wells for each of the parameters under investigation: cell count, lysosomal mass, cell permeability and nuclear area. Colorimetric gradient table spans from: lower than 15% of maximum value measured; % % % %; Red higher than 75% of maximum value. N/T nontreated controls; V/C vehicle control; and P/C positive control. Heatmap values are normalised using the percent of the positive controls and, Z score was calculated as described in the statistical analysis section.
Interestingly for all the three cell lines, surface charge, hydrodynamic size and the nature of the surface-coating seem to influence the cytotoxicity of the SPION under investigation. For the BT474 cell line it resulted to be amplified in all parameters analyzed.
The ADNH coated nanoparticle elicited pronounced effects on the permeability of BT474 with reflected evidence on the cell count reduction and lysosomal mass results. A more subtle effect was observed in the cell count of MCF7 cell line at the highest concentration of ADNH coated nanoparticle. This suggests that the hydrodynamic size and nature of the coating has an influence on the observed toxicity within both cell lines.
IV. CONCLUSION
This study firstly demonstrated that by adopting a systematic high content screening approach in testing the cytotoxicity of nanoparticles it is possible to quantitatively distinguish from the nature of the nanoparticles under investigation, the experimental conditions and also from the in vitro cell model chosen.
Therefore, this study also demonstrated that by the unique combination of physico-chemical properties and multiparametric toxicity analysis on clearly identified in vitro cell models such as MCF7, MCF10A and BT474 is allowing for the optimal identification of the basic nanoparticle requirements prior to functionalization with the moieties, fluorescence dyes, or therapeutic agents for future targeted cancer theranostic applications.
